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t has been recognized that macroautophagy constitutes an important survival mechanism that allows both the
maintenance of cellular homeostasis and
the regulation of programmed cell death
pathways (e.g., apoptosis). Although
several pathogens have been described to
induce autophagy, the prosurvival function of this process in infectious models
remains poorly characterized. Our recent
studies on chikungunya virus (CHIKV),
the causative agent of major epidemics in
India, Southeast Asia and southern
Europe, reveal a novel mechanism by
which autophagy limits the cytopathic
effects of CHIKV by impinging upon
virus-induced cell death pathways.
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Chikungunya virus is the causative agent
of the mosquito-transmitted disease,
referred to as chikungunya fever.
Infection of humans with CHIKV results
in an illness characterized by high fever,
rash, arthritis and an erratic relapsing and
arthralgia (joint pain). The disease was first
described after the 1952 outbreak in
Tanzania, and the clinical features led to
it being named by the Makonde term for
“that which bends up,” a reference to
the contorted position of the patient
secondary to their joint and bone pain.
CHIKV is a member of the Alphaviridae
genus of the family Togaviridae, which are
characterized by being enveloped, singlestranded positive polarity RNA viruses. As
observed for other alphaviruses (e.g.,
Sindbis virus and Ross River virus),
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CHIKV infection has the capacity to
induce apoptotic cell death, which has
been suggested to be associated with its
disease pathogenesis.
Our recent work demonstrated that
CHIKV infection leads to enhanced autophagic flux. In contrast to other viruses,
which escape and/or modulate autophagic
processes by inhibiting the maturation
of the autophagosome, CHIKV-induced
autophagy is a complete process, culminating with lysosomal degradation of the
contents of autophagic vesicles. Using
single-cell multispectral cytometric analysis, we demonstrated that autophagy is
triggered in a cell-intrinsic manner (i.e.,
direct activation of autophagy secondary to
CHIKV infection and replication). This
results in the induction of both endoplasmic reticulum (ER) and oxidative stress.
The screening of the three major pathways
known to regulate ER stress induction
implicated the ERN1/IRE1a-XBP1 pathway, which is activated during the first
48 h of infection. CHIKV infection also
results in an increased intracellular presence of reactive oxygen species (ROS) and
reactive nitrogen species (RNS). Whereas
the ERN1-XBP1 pathway is known to
directly induce autophagy, we provided
evidence for ROS-induced autophagy as a
mechanism for achieving MTORC1
inhibition, a key regulator of autophagy.
Notably, the timing of MTORC1 inhibition
and
ERN1-XBP1
activation
correlates with the time period of peak
autophagy induction. Using complimentary strategies of ROS inhibition and
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small interfering RNA, we formally
demonstrated that both stress pathways
act in an interdependent manner to
enhance autophagic flux in CHIKVinfected cells (Fig. 1).
In contrast to autophagy, apoptosis is
observed in both infected and uninfected
bystander cells. This result suggested that
apoptotic cell death is triggered in both
cell-intrinsic and cell-extrinsic manners.
To characterize these pathways, we
demonstrated a role for CASP9 activation
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in CHIKV infected cells and CASP8
activation in uninfected bystander cells.
These results confirmed that CHIKV
infection can induce apoptotic cell death
via an intracellular pathway, which is
dependent on virus replication, and/or an
extracellular mechanism that remains to be
defined, but may involve the induction
of cell surface or soluble death effector
ligands (e.g., TNFSF10/TRAIL). According to the kinetics of apoptosis induction,
we argue that the intrinsic pathway is
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induced during a first wave of cell death
(activated-CASP9-positive cells are detectable after 16 h of infection), and that
secondary to the host cell response (e.g.,
interferon-induced TRAIL), there is the
subsequent induction of the extrinsic
pathway (Fig. 1). Mechanisms implicated
in apoptosis induction were found to be
independent of ER and oxidative stress,
and as such the precise mechanism of
CHIKV-induced cell death remains to be
determined.
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Figure 1. Stress and death during chikungunya viral infection. (1) During the early phase of chikungunya virus (CHIKV) infection, viral replication results in
the induction of both endoplasmic reticulum (ER) and oxidative stress. ER stress results in activation of the ERN1-XBP1 pathway. (2) Both stress pathways
act in an interdependent manner to enhance autophagic flux in CHIKV-infected cells. Whereas the ERN1-XBP1 pathway directly impinges upon
the autophagy pathway, ROS induces autophagy indirectly via its inhibition of MTORC1, a key negative regulator of autophagy. (3) CHIKV-induced
autophagy impedes the initiation of apoptotic cell death, and in turn limits viral propagation. (4) During late phase of infection (i.e., 48 h post-infection),
decreased autophagic flux was observed, correlating with evidence of enhanced apoptotic cell death. At least two apoptotic pathways are induced
during CHIKV infection: the intrinsic pathway, which is dependent on virus replication, and an extrinsic pathway that may involve the induction of cell
surface or soluble death effector ligands (e.g., TNFSF10/TRAIL). (5) Both death effector pathways result in activation of CASP3 and apoptotic cell death,
which favors the release of viral particles. (6) Apoptosis induction is correlated with decreased activity of cell stress pathways, marked by the degradation
of ERN1 and the hyperphosphorylation of MTORC1. Thus, in the context of CHIKV infection, there is an intricate crosstalk between cell stress and
apoptosis with important consequences for viral propagation.
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release of cytochrome c and the activation
of the intrinsic apoptosis pathway; (ii)
autophagy could result in the degradation
of pro-apoptotic protein complexes,
including the apoptosome; or (iii) autophagy-related gene products may directly
regulate viral replication, limiting the
cytopathic effects of virus. Whereas our
in vitro data suggest an inhibitory effect of
autophagy on virus propagation, the
specific factors implicated in this process
remain to be defined. Our studies also
support the second hypothesis, as higher
levels of proCASP3 are found in cells
deficient for autophagy as compared with
wild-type cells.
During the late phase of infection (i.e.,
48 h post-infection), we observed
decreased autophagic flux, which correlates
with increased apoptotic cell death
(Fig. 1). The switch between autophagy
and apoptosis was not clearly defined, but
our in vitro data may suggest new directions
for future investigation. Specifically,
MTOR and ERN1-XBP1 complexes
appear to be important modulators, marking the switch between autophagy and
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apoptosis. Prior to infection (i.e., resting
state for the host cell), MTOR is activated
and serves as a negative regulator of
autophagy induction. At early time points
post-infection with CHIKV, MTOR is
dephosphorylated, and, together with inducers of ER stress, MTOR inhibition
enhances survival through the derepression
of autophagic flux. By 48 h post-infection,
we observed degradation of ERN1 and
hyperphosphorylation of MTOR (leading
to increased activity), which correlate with
decreased autophagic flux and increased
levels of apoptotic cell death. Our model
for the cascade of events triggered by
CHIKV infection implicates viral protein
regulation of MTOR and ERN1, facilitating during late phase infection the inhibition of autophagy, induction of apoptosis
and the consequent release of newly formed
virions.
In sum, our work established a functional connection between cell stresses and
cell death in the context of CHIKV
infection and may allow the establishment
of new therapeutic strategies for limiting
the pathogenesis of chikungunya disease.
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In order to provide in vivo relevance for
our findings, we studied mice hypomorphic in their expression of
ATG16L1, with reduced induction of
autophagy (referred to as ATG16L1HM).
Strikingly, ATG16L1HM mice show a
higher sensitivity to CHIKV infection
and exhibit a 2-fold increase in lethality
as compared with wild-type mice. These
observations supported our conclusion
that autophagy, as a host response to
infection, acts to limit the cytopathic
effects of CHIKV and regulates the
pathogenesis of acute chikungunya disease.
How autophagy regulates apoptosis and
how apoptosis ultimately succeeds in
overwhelming autophagy’s inhibitory
effects remain open questions. What our
study does clarify, however, is the role for
autophagy in serving as a cell intrinsic,
prosurvival mechanism that is capable of
preventing the early induction of apoptosis. Regarding the anti-apoptotic function
of CHIKV-induced autophagy, several
possible mechanisms may be considered:
(i) autophagy sequesters and degrades
damaged mitochondria, thus preventing

